Tension-tension fatigue behaviour of unidirectional, aligned single-walled carbon nanotube (SWNT) rope reinforced epoxy composites were studied. While the slope of the stress-life (S-N) curve of the SWNTs in SWNT/epoxy composites obtained is flat, similar to those of carbon fibre reinforced epoxy composites, the fatigue strength of the former is at least twice that of the latter. Morphology of the fatigue fracture surface of SWNT reinforced epoxy involves matrix plastic deformation and SWNT-bridged matrix cracks. Evidence of good adhesion between SWNTs and epoxy was seen, and pullout length of SWNTs from the matrix is about 30 mm. Results suggest that carbon nanotubes can be used for fatigue resistant, high fracture toughness composites.
INTRODUCTION
Owning to the recent rapid development of synthesis methods for carbon nanotubes (CNTs), high quality, long and aligned CNT ropes are now available. Terrones et al reported a method for generating aligned CNTs by catalytic pyrolysis of hydrocarbon, producing CNTs with high-yield and fairly uniform diameters (30-50 nm), up to about 50 P m in length [1] . Cheng et al reported a novel, largescale, low-cost synthesis method for long, rope-like bundles of SWNTs using catalytic pyrolysis of hydrocarbons [2] [3] [4] . Recently, the creation of continuous yarns of CNTs was reported by Jiang et al [5] , where CNTs can be self-assembled into yarns with length up to 30 cm by simply drawing them out from super-aligned arrays of CNTs. These advances in synthesis methods enabled the mechanical properties of CNTs be more easily assessed, and applications in macroscopic devices and load-bearing structures one step closer to reality.
To date, some of the most important mechanical properties of CNTs, such as Young's modulus and tensile strength, have been characterised experimen-tally and studied theoretically. Yu et al measured the tensile strength of single-and multi-walled carbon nanotubes (MWNTs), and showed that the tensile strengths of SWNTs and MWNTs ranged from 11 to 63 GPa and 13 to 52 GPa, respectively; and that the Young's modulus of SWNTs and MWNTs ranged from 320 to 1470 GPa and 270 to 950 GPa, respectively [6, 7] . Li et al measured the tensile strength of SWNTs ropes reinforced composites, and estimated that the tensile strength of SWNTs could be as high as 22 GPa [2] . Falvo et al studied the bending and buckling behaviour of CNTs under large strains, and showed that CNTs are extraordinary flexible under large strains and resist failure under repeated bending [8] .
At present, however, studies on the long-term performance of CNTs or CNT reinforced composites are still absent. An understanding of their behaviour under repeated mechanical loads will enable the potential of CNTs to be better realized for long-term structural applications. In this work, the fatigue behaviour of unidirectional, aligned SWNT rope reinforced epoxy composite was studied.
Features of fatigue damage and failure were examined and compared to unidirectional carbon fibre reinforced composites.
MATERIALS & METHOD
The SWNT ropes used in this study were synthesized by the hydrogen/argon electric arc discharge method, with lengths up to 100 mm [2] [3] [4] . The matrix material used was Epicote 1006 epoxy resin, a room temperature curing system, with Youngs modulus of about 2.27 GPa and tensile strength about 20.6 MPa. To fabricate the composite sample, a thin layer of as-prepared epoxy resin was evenly brushed onto a hard surface pre-pasted with release tape to ensure the composite sample can be easily detached from it after curing. 20 mm long, weighted SWNT ropes were then aligned by a slight tension and subsequently laid onto the epoxy layer. More epoxy was then applied and the thickness of the small composite plate was controlled in the range of 0.4~0.6 mm using a roller. The composite sample (hereafter referred to as the SWNT/epoxy sample) was cured completely after 72 h at room temperature. Dog-bone SWNT/epoxy samples with dimensions of about 40 mm in length and 3.5 mm in width were cut from the cured thin composite plate, and their edges were polished to reduce the possibility of edge-related failures ( Fig. 1 ). Because the thickness and length of the SWNT bundle varies, and it is very difficult to separate a larger SWNT rope into smaller bundles without damaging it, there is considerable variation between the composite samples. The volume fraction of SWNT ropes in the composite was controlled in the range of 0.1~0.9%, calculated from the density and weight of the SWNT ropes used in each sample.
Nine unidirectional SWNT/epoxy samples with gauge length of about 15 mm were fabricated and cyclically tested by an InstronÔ 8800 Microforce Tester in tension-tension at 5 Hz, using a sinusoidal wave function at R ratio (ratio of minimum to maximum cyclic stress) of 0.1.
RESULTS AND DISCUSSION
Since the volume fraction of SWNTs varied from sample to sample, the maximum cyclic stress of SWNTs, instead of the stress of the composite, is plotted against the number of cycles to failure of the composite. The stress of SWNTs in the composite was calculated using:
where &17 s and F s are the stress of SWNTs and of the composites, respectively, E CNT and E c are the Young's modulus of SWNTs and of the composite, respectively. The Young's modulus of SWNT was estimated as 800 GPa [2] . The maximum cyclic stresses of SWNTs were calculated to be between ( ) The S-N data of the SWNT/epoxy composite is shown in Fig. 2 . Also included in Fig. 2 is the tensile strength data of SWNTs, obtained previously [2] . It should be mentioned that the length of the SWNT/ epoxy composite from which the SWNT tensile strength was obtained was about 10 mm, which is less that those used in the present fatigue study (15 mm). The S-N data of unidirectional carbon fibre reinforced epoxy, shown in the gray rectangular region of Fig. 2 , are adapted from Ref. [9] , which encompasses a wide range of unidirectional carbon/ epoxy data [9] . Note that the maximum cyclic stress of the carbon fibre instead of the composite stress is used in Fig. 2 , in order to compare with the data from the present study. A simple linear relation often used for S-N curve of unidirectional composites is:
where D s and XOW s are applied and ultimate stress, respectively, N the number of cycles to failure, and m the slope of the normalized S-N curve. The S-N curve obtained for the SWNT/epoxy composite is very flat, similar to the characteristics of the unidirectional carbon/epoxy composites. Slope m for most unidirectional carbon/epoxy composites ranged ORJ D XOW P 1 s s = -from 0.035 to 0.057 [9] . For SWNT/epoxy composites, m obtained from linear regression of quasistatic tensile strength and S-N data is calculated to be 0.042, within the range of the unidirectional carbon/epoxy composites. However, it should be mentioned that the maximum cyclic stress of SWNTs estimated is at least twice that of the carbon fibre in unidirectional composites. In other words, the fatigue strength of SWNTs in epoxy is at least twice that of carbon fibres.
All fatigue fracture of SWNT/epoxy samples occurred within the gauge region, a typical one is shown in Fig. 1 . Damage and failure modes of SWNT/ epoxy were examined under scanning electron microscope (SEM). Selected SEM images of the fatigue fracture surface of SWNT/epoxy samples are shown in Fig. 3 . No SWNT-bridged transverse matrix cracks were observed on the sample surface, which could be attributed to the fact that SWNT ropes were all fully embedded in the matrix material. Extensive SWNT-matrix splitting is not seen, as compared to fatigue damage of carbon fibre composites where fibre-matrix splitting is a common damage mode, demonstrated in Fig. 4a .
Macroscopically, the SWNT/epoxy exhibited a brittle type fatigue failure with flat fracture surfaces Small contact angles between the epoxy matrix and the reinforcement suggest good wetting of the SWNT rope by the matrix. b) Close up of the fatigue fracture surface of a SWNT/epoxy sample, pullout of SWNT ropes from the epoxy matrix is obvious, however, complete debonding is not seen.
( Fig. 1) , similar to the fracture surface of unidirectional carbon/epoxy composites, using the same epoxy system (Fig. 4b ). However, local failure modes around the SWNT ropes showed ductilelike failure with plastic deformation of the epoxy and pullout of SWNT ropes, as is seen from Figs. 3a, b . Bridging of matrix cracks by SWNT ropes is also obvious. Clean debonding of SWNT ropes similar to those of the carbon/epoxy, demonstrated in Fig.  4b , is not seen, implying the SWNT-epoxy interfacial characteristics could be different from that of carbon fibre -epoxy system.
One of the major issues concerning using CNTs as reinforcement in polymer composites is its adhesion to the polymer matrix, because interfacial characteristics is critical in controlling the performance of the composite. Previous studies have shown that CNT-polymer interface could be stronger than carbon-polymer systems [10, 11] . From the morphology of the fracture surface, shown in Fig. 3 , wetting of SWNT ropes by epoxy seems very good: thin sheets of epoxy containing SWNT ropes showed small contact angle between the two. Polymer debris are also seen sticking onto the SWNT bundles, not detached from them, unlike the clean carbon fibre pullouts seen in micro fibre reinforced composites. From molecular dynamics simulation of CNT pullout from epoxy, the interfacial shear stress between CNT and epoxy is estimated to be 138 MPa [10] , about an order of magnitude higher than that between carbon fibre and epoxy. Substantial pullout of SWNT bundle from the matrix can be seen on the fatigue fracture surface, in contrast to the carbon/epoxy system in which fibre pullout is short (Fig. 4b ). Pullout length of SWNT ropes from the epoxy matrix, examined from SEM images, is about 30 mm, some can even reach 40 mm or longer. Long pullout length of SWNT ropes from the epoxy matrix and the strong interfacial shear stress suggests that CNT can be a class of ideal reinforcement for composites with high fracture toughness [11, 12] .
In sum we have studied the tension-tension fatigue behaviour of unidirectional, aligned SWNT rope reinforced epoxy composite. The flat S-N diagram of SWNT/epoxy is very similar to that of the carbon/ epoxy, although the SWNT ropes in the composite were loaded at much higher cyclic stresses. Local fatigue failure modes of SWNT/epoxy is very different compared to those of the micro carbon fibre reinforced epoxy composites. Results showed that SWNT ropes have good potential as reinforcement in fatigue-resistant, high fracture toughness polymer composites. Fig. 4 : a) Longitudinal surface of carbon/epoxy sample with matrix/matrix splitting and matrix micro cracks, b) fatigue fracture surface, where substantial matrix/matrix debonding and short fibre pullout is seen.
